The effect of an intermediate standing baffle on the structure of flow in a rectangular open channel has been successfully captured by an Ultrasonic Velocity Profiler (UVP). Various spatial distributions such as on-axis time-averaged velocity profiles and turbulent intensities at different streamwise positions indicate the flow structure of the uprising flow at the upstream of baffle, vortex shedding and flow separation, change of the effective cross-section at immediate downstream of the baffle and recirculation flow at the downstream of the baffle. These phenomena are also reflected in the peak values of the relative turbulent intensity profiles. Space-Time on-axis velocity color-map of upstream and downstream sections confirms the existence of periodic change of flow direction near the edge of the baffle at downstream sections. The captured phenomena were also categorized by observing four types of Phenomenological Zero Crossing Points (PCP). Comparison of space-dependent power spectra of upstream and downstream sections of the baffle indicates the existence of some peak structures concentrated near the edge of the baffle for downstream sections whereas such peak structures have not been observed for the downstream sections. Also for downstream sections mainly the existence of peak values in the space distribution of two frequency modes could be confirmed which can be attributed to the vortex shedding due to the existence of the baffle.
Introduction
Understanding of flows over obstacles and steps is of great value due to their relevance to many practical and theoretical problems. For example, separated flows produced by an abrupt change in geometry are of great importance in many engineering applications (1) such as power generating equipment, diffuser, electronic and turbine blade cooling, atmospheric flows over fences and hills and sudden area change in pipes and ducts (2) . Flow over a backward-facing step (BFS) has been the subject of numerous investigations due to its wide range of applications in engineering such as cooling techniques or heat transfer of electronic devices (3) . As an important example spatial-temporal velocity fields of flow through an axisymmetric sudden expansion were experimentally investigated over a range of Reynolds numbers (4, 5, 6, 7, 8) . Also various researchers have studied flow field characteristics and its topology over a forward-facing step (FFS) (9, 10, 11, 12) . The flow over a standing baffle can be regarded as an extreme combination of flow over backward-facing step and forward-facing step. Importantly streamlines are not parallel to the wall at the separation point. Thus the impinging flow at immediate upstream of the baffle has two dimensional characteristics.
Although the geometry of baffle is very simple, the flow over the baffle has diversified time-dependent features and complex flow structures, which in turn makes the problem challenging and interesting.
From another perspective, provision of baffles or deflectors in settling tanks to modify the flow field and consequently to improve the efficiency of such tanks has been investigated by several researchers as a method for flow control. Since performance of a settling tank depends on its flow field, investigating the structure of the flow field is of great value (13) . Lyn and Rodi (14) conducted turbulence measurements by a Laser Doppler Anemometry system in a rectangular laboratory settling tank and studied the flow fields from a plane jet impinging on two types of deflector at constant depth and discharge to obtain a better understanding of the hydrodynamics. Studies of Bretscher et al. (15) on velocity and concentration fields in a rectangular settling tank with a central barrier wall (Intermediate baffle) showed the effectiveness of the baffle.
Ahmed et al. (16) have investigated the effect of positioning and height of baffles on the flow pattern and on the suspended solid distribution qualitatively in a sedimentation laboratory tank by inserting the baffle from the top at three different positions from the inlet weir and with various heights. They studied both clean and suspension waters. It was found that the baffle position has a significant effect on the flow patterns and suspended solid concentration by influencing the direction of flow and affecting the size of dead zones. They also have found an optimum case of baffle position and contraction (16) . Taebi-Harandy and Schroeder (17, 18) found that effectiveness of baffle on the clarifier performance is dependent strongly on the predominant flow pattern. Tamayol et al. (19) studied the effect of baffle configuration on the hydraulic performance of the primary settling tanks and determined the optimal position of the baffle. Firoozabadi et al. (20) investigated the effect of the baffle and its position on the spatial structure of flow in a rectangular primary settling open channel, experimentally. They showed the possibility of the improvement of the flow field in the case of neutral flow for some baffle positions. Jamshidnia and Takeda (21) have investigated the effect of baffle on spatial and temporal structure of the flow in a rectangular sedimentation open channel. It should be noted that relatively few detailed measurements of the flow field characteristics of settling tanks are available. Furthermore, most of them are lacking the concept that the flow has a strongly spatio-temporal nature and only qualitative description of the flow field have been made.
We attempted to characterize a flow structure over a standing baffle in a quantitative manner. The main objective is to investigate experimentally spatial and temporal characteristics of the multidimensional nature of this flow structure. It was realized by using ultrasonic Doppler method, by which spatio-temporal velocity fields could be obtained.
Experiments

Experimental set-up
A schematic of the experimental set up and coordinate system is illustrated in Fig. 1 . It consists of an open channel, reservoir, a pump and a pipe to connect the reservoir to the open channel. Pump circulates the tap water from the reserve tank through the return pipe and open channel.
The acrylic rectangular open channel is 3.5m × 0.3m × 0.3m in total length, width and height, respectively. In Fig. 1 , origin has been denoted by O inside the channel and the coordinates x, y and z are the longitudinal, spanwise and vertical coordinates (with x=0 corresponding to the baffle's position, y=0 in center of the channel, and z=0 corresponding to the height of the tip of the transducer), respectively. ξ(mm) is the distance from transducer's tip on the measuring line (Fig. 1) . The working length of the channel is 3 m. The first half meter was designed for conditioning the flow.
The baffle is an acrylic rectangular plate installed in the middle of the channel and is extended across the full width of the channel at the bottom. It was located far enough from the flow conditioner for the approaching flow to be fully developed. The height of baffle (h b ) is set to 6 cm in the current set of experiments.
The inlet of the channel is through a circular opening 65 mm in diameter located at the mid position in the spanwise direction and 60 mm from the channel bed. The circular pipe has 50 mm inner diameter. Flow rate was controlled by a frequency convertor and measured by a flow meter set at the inlet pipe section. After the flow rate controller and the inlet pipe, incoming flow is conditioned with a series of barrier wall and honeycomb rectifier to distribute the incoming flow all over the water layer and to reduce the background turbulence level as much as possible. The total depth of water (H) was controlled by a sharp-edged weir, located at the downstream end of the channel. 
Instrumentation
The Ultrasound Velocity Profiler (UVP) has been used to obtain spatio-temporal behavior of flow over the baffle. The UVP monitor utilized in this experiment was a UVP-Duo (Met-Flow S.A.) model. A great advantage of this method compared to other methods such as hot-wire etc. is that it can catch spatio-temporal information in the flow field non-invasively.
Ultrasonic transducer mounted at the top of the channel (near the free surface) and was inserted 10 mm below the free surface of water. It was inclined with the angle of 10° off the vertical direction to investigate the effect of the baffle on the flow structure. At the same time by using this inclined angle multi-reflection of the ultrasonic beam from the bed of the channel to the ultrasound transducer could be avoided.
The instantaneous velocity profile along the beam direction of the ultrasonic wave, ξ(mm), is obtained. The basic frequency of the ultrasound is 4 MHz. The measurement volume has a disc shape which is on average 5 mm in diameter and 0.74 mm in thickness. Each instantaneous velocity profile consists of 300 measuring points that are measured simultaneously. The distance between two measurement points is 0.012h b and measured range is 3.32h b . The sampling period to obtain one velocity profile was about 28 ms and the total measurement time for 2048 profiles was 57s. The water was seeded with micro tracer particles with specific density of 1.02, and the average diameter of 60 to 200 µm.
Experimental Conditions
The geometrical dimensions provide a baffle with an aspect ratio (AR=W/h b ) of 5:1 and an expansion ratio(ER=H/(H-h b )) of 1.374:1. W is the width of the channel. Total water depth was 22 cm all over the channel, achieved by setting the outlet weir at a height of 18 cm for the fixed flow rate. The flow conditions as well as the values of non-dimensional parameters such as Reynolds(Re) and Froude(Fr) numbers with the following definitions (equations 1 and 2) are summarized in table 1. In equations 1 and 2, ν is the kinematic viscosity of the fluid (Water) at T=20 o C, U is the bulk average velocity, Q/A, where A denotes cross-sectional area of water layer, Q is the inlet flow rate and h is a characteristic length. Since in this problem two length scales are considered; namely the total water depth(H) and the height of baffle(h b ), two Re numbers have been defined as
Re(H) and Re(h b )
. The values of the Froude numbers correspond to subcritical flows.
Results and Discussion
In all measurements a single transducer has been scanned along the channel at different streamwise locations in the mid-plane of the channel. Since the transducer disturbs the flow near its tip, the data near the transducer (almost 10 mm from its tip on the measuring direction) are not shown in all the presented results. It is noticeable that in the region very close to the bed of the channel, some part of the measurement volume is located inside the wall and as a result the error measured in this region is comparatively large. Thus the data of these parts are also eliminated.
Mean Velocities and Turbulent intensities
For investigating a mean flow field time-averaged velocity is computed from a series of 2048 instantaneous velocity profiles at each streamwise position. For proper interpretation of the data it is noticeable that the velocity obtained by UVP is a component of the velocity vector projected on the measuring line that is: on-axis velocity. If the value of on-axis velocity becomes zero the velocity direction is perpendicular to the measuring line. It does not necessarily mean that the velocity has a zero value. A positive value of the on-axis velocity means that the projection of the velocity vector on the measurement line is on the propagation direction of ultrasound.
Turbulence data were computed based on the fluctuating velocity obtained according to the Reynolds decomposition. Therefore the instantaneous on-axis velocity (v ξ ) can be decomposed into a mean value (V ξ ) and a fluctuation component (v' ξ ) as follows:
The time averaged on-axis velocity profiles with velocity fluctuations at each spatial point are illustrated in Figs. 2(a) and 3(a) for upstream and downstream of the baffle, respectively. The ordinate represents the distance from the transducer tip on the measuring line (ξ) and the abscissa is on-axis velocity. It is notable that in all the figures and results x represents streamwise distance of the tip of the transducer from the position of the baffle.
In Figs In Figs. 2 and 3 one can observe an apparent streamwise variation of the peak position in the distributions along the channel. As we approach the baffle from upstream (Fig.2) , negative velocity values appear at the bottom part of time-averaged velocity profiles from x/h b = -1.5 (x = -9cm). These negative values of on-axis velocities indicate the existence of the uprising flow at upstream of the baffle.
Regarding the above mentioned streamwise variation of the peak positions, the peak values of the relative turbulent intensity indicate that the on-axis velocity becomes very close to zero. Thus flow is mainly perpendicular to the measurement direction which in turn indicates the existence of uprising flow. At downstream of the baffle (Fig.3) In order to categorize the various flow phenomena, the height (from bed of the channel) of Phenomenological Zero Crossing Points (PCP) are identified. A PCP is either a point where the magnitude of the mean on-axis velocity (V ξ ) becomes zero or a local maximum in the mean on-axis velocity profile (with a value near zero). These points are plotted and categorized in Fig. 4 group indicates the change of effective cross section which indicates the pass of flow in immediate downstream of the baffle. The other group of PCPs appears near the baffle's edge and therefore is a representative of the vortex shedding and periodicity. Specifically at these PCPs a local maximum appears in the time-averaged velocity profiles with a value near zero and a high value of relative turbulent intensity is observed.
The forth type of PCP appears on a wide region of downstream of the baffle. Since the height of these points is decreasing in the flow direction they are attributed to the approximate boundary of the large recirculation flow region behind the baffle. 
Velocity distribution color maps
It is of great value to investigate the variation of velocities at all measured points against time to capture the time dependent and unsteady nature of the flow. In Figs. 5 and 6 typical results are represented for immediate upstream and downstream of the baffle, respectively. The horizontal axis is time(s) and the vertical axis is the distance ξ(mm) of measurement points from the transducer on the measurement axis.
In the figures only data values over the first 500 profiles are visualized. Spatio-temporal on-axis velocity distributions at different streamwise locations indicate the existence of a periodic pattern in the flow direction near the edge of the baffle (around ξ=130mm) for downstream sections of the baffle. Such periodicity is not observed for upstream sections.
There are two possible oscillations behind the baffle. As behind the BFS, it is known that a large recirculation zone fluctuates and reattaching points oscillate. Another possible oscillation is by vortex shedding. The former, however, shows relatively slow oscillation which corresponds to a long periodicity and it might prevail in relatively large region. Here we judge that the periodicity observed on the spatio-temporal velocity map would then not be by this recirculation but due to the vortex shedding at downstream of the baffle from the fact that it appears only near its edge. Additionally, uprising flow is clearly observed in Fig. 5b for the immediate upstream section of the baffle as negative values of velocities. On the whole the change in temporal structure of the flow field from upstream to the downstream of the baffle could be observed quantitatively in spatio-temporal distribution of on-axis velocities.
Temporal structure of the flow
An advantage of using UVP is that it provides spatial structure of the flow characteristics on the measuring direction. Among all, space-dependent power spectrum is powerful to investigate any periodic nature.
Discrete Fourier Transform (DFT) has been used to extract the space-dependent power spectra from on-axis velocity components to understand the temporal structure of the flow on the measuring direction and to detect the periodicity in the data as an important physical quantity. The effect of baffle on the temporal structure has been investigated. It is noted that the power spectrum obtained from raw data of velocity is usually quite noisy. In order to eliminate the random noises the following procedure has been taken. Ensemble average of the calculated power spectra of the two subdivided time series has been calculated in frequency domain to extract the smoothed (filtered) power spectrum at each point in space. By this procedure, the random noise could be fairly suppressed out on the resulted power spectrum.
Space dependent power spectra
Space-dependent power spectra of the on-axis velocity at upstream and downstream of the baffle are illustrated in Figs. 7 and 8 , respectively. The ordinate represents distance ξ (mm) from the transducer's tip and the abscissa is frequency (Hz). By comparing space-dependent power spectra of upstream and downstream of the baffle it has been found that for upstream sections (Fig. 7) no specific peak structure can be observed in the space-dependent power spectra and power spectra has a broad distribution whereas for downstream sections (Fig. 8 ) some peak structures can clearly be observed. Although there are some specific distribution of these peak structures at various downstream sections but specifically appearance of these peak structures are concentrated near the edge of the baffle (around ξ=130mm) for fr<4 Hz. These peaks can be mainly attributed to the vortex shedding as a result of the existence of the baffle. These peak values are also reflected in the peak values of the relative turbulent intensity profiles especially for x/h b = 0.75 (just behind the baffle) as well as periodic behavior of velocity time series near the baffle edge at the corresponding section (Fig. 6a) .
Therefore, the effect of the baffle in producing vortex shedding could be captured quantitatively by directly measuring the power spectra of on-axis velocity component. In the following section more specific comparison is made on the spatial distribution of some frequency modes.
Spatial distribution of frequency modes
In order to investigate the spatial structure and periodicity of the flow in a more detailed way ensemble average of the space distribution of the power spectra over some frequency ranges (modes) has been calculated.
In order to recognize which frequency modes are of significance or dominant various frequency ranges were selected for ensemble averaging. Since the peak structures are concentrated in the fr<4 Hz these ranges were selected in the interval of fr<4. By comparing space distributions of various frequency modes we have found that two frequency modes namely A(0.8Hz<f<1.2 Hz) and B(1.5Hz<f<2.5Hz) are dominant and play a major role in the appearance of peaks in the space distribution of various frequency. In Figs. 9 and 10 distribution of frequency modes A and B has been illustrated for typical sections at upstream and downstream of the baffle, respectively. The ordinate represents distance ξ (mm) from the transducer's tip and the abscissa is the averaged power denoted by AVE P(mm 2 /s 2 ) over the corresponding frequency range.
As it is observed in Fig. 9 for upstream of the baffle the distribution of both frequency modes A and B is uniform over space and no specific characteristic is observed in space distribution of these modes. Space distribution of frequency modes (A and B) in Fig. 10 for downstream sections of the baffle clearly indicates the existence of a peak structure near the edge of the baffle (around ξ=130mm). It is noticeable that the location of such peak values is almost same as the location of the maximum values of the relative turbulent intensity profiles for immediate downstream of the baffle(x/h b = 0.75, Fig. 3b ) as well as the same periodic band in the spatio-temporal distribution of velocities for the corresponding section. As a result the existence of vortex shedding and its consequent periodicity was reflected the distribution of some frequency modes which was previously confirmed in the time-averaged velocity profiles, relative turbulent intensities as well as the spatio-temporal velocity distribution.
On the whole distributions of the frequency modes (A and B) at downstream and upstream of the baffle reveal the existence of some peak values for downstream sections for both frequency modes A and B mainly near the baffle edge (ξ=130 mm). Since such peaks do not seem to be dominant for the upstream sections, appearance of such peaks in the distribution of frequency modes A and B for downstream sections of the baffle can be mainly attributed to the vortex shedding from the edge of the baffle.
Conclusions
UVP has been successfully applied to capture the spatial and temporal structure of the flow in upstream and downstream of a standing baffle in a rectangular open channel. From the obtained results the following conclusions can be drawn: 1. The analysis of mean flow shows how flow structure changes from upstream to downstream of the baffle. For the immediate upstream of the baffle uprising flow and for the downstream of the baffle vortex shedding, large recirculation region were classified based on mean velocity profiles as well as peak values appeared in the relative turbulent intensity profiles. 2. Development of time dependent flow at downstream of the baffle due to vortex shedding was also clearly observed as a periodicity in spatio-temporal velocity distributions at downstream of the baffle. 3. Four groups of Phenomenological Zero Crossing Points(PCP) could be captured representing various phenomena; uprising flow at upstream sections, change of effective cross section, vortex shedding and boundary of recirculation region at downstream of the baffle. 4 . By analyzing and comparing space-dependent power spectra it has been found that for downstream sections of the baffle there exist peak structures concentrated near the edge of the baffle whereas for the upstream sections such peak structures have not been observed. Also the existence of dominant peak values mainly in the space distribution of two frequency modes was observed for downstream sections of the flow. Overall, the existence of peak structures in space-dependent power spectra and peak values in two frequency modes for downstream sections of the baffle corresponds to the appearance of the peak values observed in the relative turbulence intensity profiles and the periodic behavior of spatio-temporal velocity distribution for the corresponding section near the edge of the baffle and as a result such peak structures are attributed to the vortex shedding due to the existence of the baffle.
For a future step authors plan to conduct UVP vector measurements to capture the flow field in a more detailed way. Additionally, the correlation between upstream and downstream sections of the baffle is of interest. These investigations are currently under further progress.
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